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OLGDUSURWRW\SHV6LQFH WKH(XURSHDQ3&5'  LQGXVWULDOSHUFHSWLRQVHQVRUVZHUH ODXQFKHG
RQ WKHPDUNHW DQG VHQVRUV KDYH UHJXODUO\EHHQ LPSURYHGZLWK QHZ IXQFWLRQV7KHVH VLQJOH WHFKQRORJ\
VHQVRUVKDYHEHHQVROGZLWKRUZLWKRXWDXWRFUXLVHFRQWUROV\VWHPV0HDQZKLOHSURJUHVVKDYHEHHQPDGH
RQZLUHOHVVFRPPXQLFDWLRQV\VWHPVDQGPDQ\UHVHDUFKSURMHFWVLQFRUSRUDWHFXWWLQJHGJHWHFKQRORJLHVIRU
YHKLFOH WR YHKLFOH 99 DQG YHKLFOH WR LQIUDVWUXFWXUH 9, DSSOLFDWLRQV &XUUHQWO\ VRPH REVWDFOH
GHWHFWLRQSURMHFWVDUHFRPELQLQJ WKHREVWDFOHGHWHFWLRQV\VWHPZLWK99RU9,FRPPXQLFDWLRQ5|FN
6WUDQJ	.UDQ]
2XU ZRUN LV VXSSRUWHG E\ &,6,7 WKH ,QWHUQDWLRQDO &DPSXV RQ 6DIHW\ DQG ,QWHUPRGDOLW\ LQ
7UDQVSRUWDWLRQ ORFDWHG LQ WKH5pJLRQ1RUG3DVGH&DODLVRI)UDQFH WKH$153/$7$SURMHFW DQG WKH
,IVWWDULQVWLWXW:HDUHVWXG\LQJWKHIHDVLELOLW\RIDV\VWHPDEOHWRGHWHFWSRWHQWLDOO\GDQJHURXVVLWXDWLRQVLQ
WKHYHKLFOH HQYLURQPHQWXVLQJ LQIRUPDWLRQ IURP VHYHUDO YHKLFOHV ,QIRUPDWLRQ FRPHV IURP VHQVRUV RQH
FRQQHFWHGZLWKLQWKHYHKLFOH WKHRWKHUVZLWKLQQHLJKERXULQJYHKLFOHV(DFKVHQVRUSURFHVVLQJPRGXOHLV




7KH ILUVW VHFWLRQ SUHVHQWV WKLV V\VWHP LQ WHUPV RI VXEV\VWHPV DQG PRGXOHV EHIRUH IRFXVLQJ LQ WKH
IROORZLQJ VHFWLRQV RQ WKH DUFKLWHFWXUH DQG DOJRULWKP LPSOHPHQWHG E\ WKH SURFHVVLQJ XQLWV 7KH VHFRQG




7KH JOREDO V\VWHP LV FRPSRVHG RI VHYHUDO VXEV\VWHPV ZKLFK DUH WKH YHKLFOH VXEV\VWHPV DQG WKH











WKHQ UHWXUQV WR WKH OLGDU UHFHLYHU7KH OLGDU FRPSXWHV WKH GLVWDQFH IURP LWVPHDVXUHPHQW RI WKH WLPHRI
IOLJKW EHWZHHQ WKH SXOVH VHQW DQG WKH UHWXUQHG RQH WKH GLVWDQFH LV HTXDO WR KDOI WKH WLPH RI IOLJKW
PXOWLSOLHGE\ WKHVSHHGRI OLJKW7KHUHE\ WKH OLGDUSURYLGHVDVHWRIHFKRHVGHILQHGE\DQDQJOHDQGD
GLVWDQFH IRU HDFK VFHQH VFDQQLQJ7KHVH GDWD DUH QH[W SURFHVVHG E\ WKH SURFHVVLQJ XQLW7KH IROORZLQJ
VHFWLRQVRIWKLVSDSHUGHDOZLWKWKHREVWDFOHGHWHFWLRQDQGWUDFNLQJDOJRULWKPWKLVXQLWLPSOHPHQWV
3URFHVVLQJVWHSVRIDGHWHFWLRQDQGWUDFNLQJV\VWHP
)LJXUH  LOOXVWUDWHV WKH FODVVLF SURFHVVLQJ VWHSV IRU SURFHVVLQJ XQLWV0HDVXUHPHQWV IURP WKH VHQVRU
LQFOXGLQJDSK\VLFDOVHQVRUDQGLWVVLJQDOSURFHVVLQJDUHXVHGWRGHWHFWREMHFWVIURPWKHVFDQQLQJVFHQH
1H[W D WHPSRUDODVVRFLDWLRQ VWHSDVVRFLDWHVREMHFWV IURP WKHGHWHFWLRQPRGXOHV WR WKRVHXSGDWHGDW WKH
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SUHGLFWLRQVWHS7KHQDWKUHHVWHSILOWHULQJPRGXOHHVWLPDWHVWKHQHZSDUDPHWHUVRIWKHGHWHFWHGREMHFWV



















6XFK D SURFHVV VFKHPH FDQ LQWURGXFH WUDFNLQJ GLIILFXOWLHV OLQNHG WR WKH GHWHFWLRQ SURFHVV$FWXDOO\
GHSHQGLQJ RQ WKH URDG VFHQDULRV SUHSURFHVVLQJ UDZ GDWD LQ RUGHU WR GHWHFW REMHFWV PD\ UHVXOW LQ
LQIRUPDWLRQ ORVW SURYLGLQJ QRGHWHFWLRQ FDVHV RU DEHUUDQW GDWD LH IDOVH DODUPV ,Q DQ\ FDVH WKHUH LV
VRPH ORVV LQ LQIRUPDWLRQ GLYHUVLW\ IROORZLQJ GDWD DJJUHJDWLRQ 7KDW LV ZK\ ZH SURSRVH WR EXLOG D
SURFHVVLQJ XQLW ZKLFK PDQDJHUV ERWK WKH GHWHFWLRQ DQG WUDFNLQJ VWHSV ILJXUH  %HFDXVH WKHUH LV QR
REMHFW GHWHFWLRQ EHIRUH WKH WUDFNLQJ ZH GR QRW ZRUN RQ REMHFWV EXW GLUHFWO\ RQ WKH UDZ
PHDVXUHPHQWV  TU :KHQDGGLQJRWKHUGHWHFWLQJYHKLFOHVLQRXUJOREDOFDUGLVWULEXWHGV\VWHPWKLVRQH













QRQOLQHDULWLHVRI WKH V\VWHP7\SLFDOO\SDUWLFOH ILOWHULQJPHWKRGVDUHNQRZQ WREHSDUWLFXODUO\ VXLWHG WR
GHDOLQJZLWKVXFKV\VWHPV
3ULQFLSOHRISDUWLFOHILOWHULQJ
7DUJHW WUDFNLQJ QHHGV WR LPSOHPHQW D ILOWHULQJPRGXOH ZKLFK HVWLPDWHV G\QDPLF V\VWHP VWDWHV IURP
LPSHUIHFWV\VWHPPHDVXUHPHQWVHVSHFLDOO\LQFRPSOHWHRQHV7RVROYHVXFKDSUREOHPG\QDPLFV\VWHPV
DUHJHQHUDOO\PRGHOOHGE\WKHIROORZLQJWZRHTXDWLRQVDQGZKHUH WI LV WKHVWDWHIXQFWLRQ WK 
WKHPHDVXUHPHQWIXQFWLRQ WY WKHPRGHOQRLVHDQG WQ WKHPHDVXUHPHQWQRLVH
 WWWW Y[I[    
WWWW Q[K\    
(VWLPDWLQJ WKLV V\VWHP DPRXQWV WR HVWLPDWLQJ LWV SUREDELOLW\ GHQVLW\ IXQFWLRQ   WW \[S  7KH
HTXDWLRQ RI WKLV IXQFWLRQ FRPELQHV D WUDQVLWLRQ SUREDELOLW\ GHQVLW\ IXQFWLRQ   WW [[S  WLHG WR WKH
G\QDPLFV HTXDWLRQ  DQG DQ REVHUYDWLRQ SUREDELOLW\ GHQVLW\ IXQFWLRQ   WW [\S  OLQNHG WR WKH
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PHDVXUHPHQWHTXDWLRQ'LIIHUHQWILOWHULQJVROXWLRQVPD\EHXVHGWRVROYHWKLVVWDWHHVWLPDWLRQSUREOHP
GHSHQGLQJRQZKHWKHUERWK WI DQG WK DUHOLQHDUDQGERWK WY DQG WQ DUH*DXVVLDQ,QWKHFDVHRIOLQHDU










$SDUWLFOH L LVGHVFULEHGE\LWVSRVLWLRQLQJLQWKHVWDWHVSDFH L[& DQGLWVZHLJKW LZ 3DUWLFOHVDUH
LQGHSHQGHQWDQGHYROYHDFFRUGLQJ WR WKHVWDWHHTXDWLRQ7KH\UHSUHVHQWQFRSLHVRI WKHVWDWHYHFWRU
WKDWLVWRVD\LWVSRVVLEOHSRVLWLRQVLQWKHVWDWHVSDFH7KHQRUPDOL]HGZHLJKW LZ HVWLPDWHVWKHSUREDELOLW\
RIWKHSDUWLFOHWKDWGHWHUPLQHVWKHFRQWULEXWLRQRIWKHSDUWLFOHWRWKHJOREDOHVWLPDWRU [Ö RIWKHVWDWHYHFWRU
7KH ZHLJKW LV GHILQHG E\  ZKHUH  L WWWW [K\J  LV WKH OLNHOLKRRG IXQFWLRQ JLYHQ E\ WKH
PHDVXUHPHQWQRLVHPRGHODQG   WL WLW \[[T  LVWKHLPSRUWDQFHVDPSOLQJIXQFWLRQFKRVHQWRVDPSOHWKH
SDUWLFOHV













WKLVSKHQRPHQRQDQDGGLWLRQDOVWHSFDOOHGUHVDPSOLQJ LV LQWURGXFHG WKHKLJKHUZHLJKWHGSDUWLFOHVDUH
IDYRXUHG E\ LGHQWLFDO UHSOLFDWLQJ DQG WKH RWKHUV LQ WKH OHVV OLNHO\ ORFDWHG DUHDV WKH ORZHU ZHLJKWHG
SDUWLFOHV DUH HOLPLQDWHG 7KLV VWHS DOORZV WKH SDUWLFOH QHWZRUN FDSDFLW\ WR IRFXV RQ DUHDV ZKHUH WKH



















6HTXHQWLDO ,PSRUWDQFH 6DPSOLQJ 6,6 %RRWVWUDS ILOWHU RU 6DPSOLQJ ,PSRUWDQFH 5HVDPSOLQJ 6,5
DQG$X[LOLDU\3DUWLFXODU)LOWHU$3)RU$6,5IRULQVWDQFHDUHGLIIHUHQWVHTXHQWLDO0RQWH&DUORPHWKRGV
ZKRVH PDLQ GLIIHUHQFHV DUH WKH WHFKQLTXH XVHG WR OLPLW SDUWLFOH GHJHQHUDF\ DQG WKH ZD\ WKH SDUWLFOHV
H[SORUHWKHVWDWHVSDFH
-RLQWGHWHFWLRQDQGWUDFNLQJSURSRVHGPHWKRG
7KH SDUWLFOH ILOWHU PHWKRG DV GHVFULEHG SUHYLRXVO\ LV ZHOO VXLWHG WR HVWLPDWH YHFWRUV UHSUHVHQWLQJ



















RI D FORXG VSHFLI\ WKH SRVVLEOH ORFDWLRQV RI WKH WUDFNLQJ YHKLFOH DW D FHUWDLQ WLPH DQG WKH ZHLJKWV
DVVRFLDWHG WR WKHVHSDUWLFOHV DOORZXV WRGHWHUPLQH WKHEHVWSDUWLFOHRI WKHFORXG$V VHQVRUHFKRHVDUH
GHILQHG E\ WZR SLHFHV RI LQIRUPDWLRQ  U  WKH GLVWDQFH WR WKH VHQVRU FRRUGLQDWH V\VWHP DQGT  WKH
EHDULQJDWZKLFKWKH U LVPHDVXUHGHDFKYHKLFOHWREHWUDFNHGLVPHDVXUHGDVDVHWRI  TU FRXSOHVRI
LQIRUPDWLRQ7KHUHE\RXUGHILQLWLRQIRU WKHSDUWLFOHVWDWHYHFWRUV L[& KDV WR WDNH LQWRDFFRXQW WKLV VHWRI TU FRXSOHV$OVRWKHZHLJKWFDOFXODWLRQIRUHDFKSDUWLFOHKDVWRFRQVLGHUWKHVHHFKRHV
(DFKYHKLFOHWREHWUDFNHGFDQEHDSULRULGHVFULEHGE\LWVFHQWURLGWKHJHRPHWULFFHQWHURIWKHHFKR
PHDVXUHPHQWV ,Q RUGHU WR HVWLPDWH ZLWKLQ WKH RQERDUG SHUFHSWLRQ VHQVRU FRRUGLQDWH V\VWHP HDFK
YHKLFOH ORFDWLRQ ;< VSHHG 9[9\ DQG DFFHOHUDWLRQ $[$\ZH FRQVLGHU WKH LQLWLDOL]DWLRQRI D
FORXG RI SDUWLFOHV IURP WKLV FHQWURLG 7KHUHIRUH WKH VWDWH YHFWRU RI D SDUWLFOH LV JLYHQ DW W E\ WL\L\LL[L[LLW $9<$9;[  & +RZHYHUWRHVWLPDWHWKHFRUUHFWYHKLFOHORFDWLRQIURPWKHQHZPHDVXUHPHQWVLWLVLPSRUWDQWWRLQWURGXFH
WKHZKROHHFKRHVRIHDFKYHKLFOH$OVRIRUHDFKSDUWLFOHRIWKHFORXGWKHVHWRI  TU HFKRHVLVEXLOWDWW
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IURP WKH WLL <;  VWDWH YHFWRU YDOXHV DQG DFFRUGLQJ WR D FDU PRGHO 7KHQ WKH ILUVW DQG ODVW DQJOHV
 BB LPSDFWODVWLPSDFWILUVW TT DUHLGHQWLILHGIURPWKHHFKRHVEXLOWIRUWKHZKROHSDUWLFOHV7KHZHLJKWFDOFXODWLRQRI
D SDUWLFOH QHHGV WR H[WUDFW HFKRHV EHWZHHQ  BB LPSDFWODVWLPSDFWILUVW TT IURP WKH PHDVXUHPHQWV DQG IURP WKH
SDUWLFOH HFKRHV7KHUHIRUH WKHZHLJKW RI WKH SDUWLFOH L LV JLYHQ E\ ZKHUH
L
W= LV WKH ORFDWLRQ RI WKH
SDUWLFOH L DW WLPH W  LWHPSDFWODVWL LPSDFWODVWLPSDFWILUVWL LPSDFWILUVWLW=  BBBB TUTU  YHKLFOHW= LV WKH ORFDWLRQ RI WKH















W ====Z  VSV  

7KLVZHLJKWHTXDWLRQHQDEOHVDVWRFRPSDUHWKHSDUWLFOHVRIDFORXGDVHDFKZHLJKWLVGHILQHGIURPWKH
VDPH DQJXODU DSHUWXUH VSHFLI\LQJ WKH YHKLFOH DUHD 7KLV SUREOHP LV VROYHG E\ DQ $GDSWLYH 6DPSOLQJ
,PSRUWDQFH5HVDPSOLQJDSSURDFK7KLV ILOWHUFDUULHVRXW WKHSDUWLFOH UHVDPSOLQJHDFK WLPH WKHHIIHFWLYH
QXPEHURISDUWLFOHV V1 LVEHORZDJLYHQWKUHVKROG 11V  DVDQH[DPSOHZKHUH 1 LVWKHQXPEHURI SDUWLFOHV $ VXLWDEOHPHDVXUHPHQW RI GHJHQHUDF\ LV WKH HIIHFWLYH VDPSOH VL]H  HII1  LQWURGXFHG E\
$UXODPSDODPHWDO*RUGRQHWDO&KHQ7KLVGHJHQHUDF\PHDVXUHPHQWLVGHILQHG
DV ¦  1L LWHII Z1   DQGWKHUHVDPSOLQJRFFXUVLI VHII 11  
5HVXOWV
0HDVXUHPHQWV\VWHP
7KH SURSRVHG DSSURDFK LV HYDOXDWHG RQ V\QWKHWLF GDWD ,W FRSLHV WKH HFKRHV RI D ' OLGDU VHQVRU
RQERDUGDYHKLFOHZLWKKDUGVLPSOLI\LQJK\SRWKHVHVKRZHYHU7KHVHKDUGK\SRWKHVHVDUHWKHIROORZLQJ
3LWFK DQG UROO DUH QRW FRQVLGHUHG DW WKLV VWDJH$OVR QRLVHV FRPLQJ IURP WKH HQYLURQPHQWRU REVWDFOHV












































  PD[PLQ  UU  PP
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)LJ5HFRQVWUXFWLRQRIWKHWDUJHWYHKLFOHDORQJWKHWUDMHFWRU\
7KH VWDWHYHFWRU UHSUHVHQWLQJ WKH WUXH WDUJHW VWDWH FLUFOH VLJQDQG LWV HVWLPDWHG VWDWH SOXV VLJQDUH







































































































,Q WKLV SDSHU D QHZ PHWKRG IRU RQERDUG YHKLFOH GHWHFWLRQ DQG WUDFNLQJ V\VWHP LV SUHVHQWHG 7KH
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RULJLQDOLW\ RI WKH DSSURDFK OLHV LQ D MRLQW PRGHOOLQJ RI WKHVH SUREOHPV WKDW XVHV GLUHFWO\ WKH UDZ
PHDVXUHPHQWV ZLWKRXW DQ\ SUHSURFHVVLQJ VWDJH GHWHFWLRQ 6XFK D PRGHOOLQJ OHDGV WR VWURQJ QRQ
OLQHDULWLHVWKDWKDYHEHHQVROYHGE\XVLQJDPDWFKHGILOWHUWRWKHYHKLFOHPRGHODQGDSDUWLFOHILOWHULQJ
VROXWLRQ )LUVW UHVXOWV VKRZ UREXVW GHWHFWLRQ DQG WUDFNLQJ ZLWK VPDOO HVWLPDWLRQ HUURUV 7KHVH
SHUIRUPDQFHVDUHPDGHSRVVLEOHE\WKHXVHRIWKHYHKLFOHPRGHOLQWKHFRPSXWDWLRQRIWKHSDUWLFOHZHLJKWV
ZKLFK HQKDQFHV WKH UREXVWQHVV E\ SURYLGLQJ D ODUJHU VSDFH IRU WKH SDUWLFOH FRPSDULVRQ 7KH UHVXOWV
SUHVHQWHGLQWKLVSDSHUVKRZWKHDGYDQWDJHRIDQLQWHJUDWHGYHKLFOHGHWHFWLRQDQGWUDFNLQJ7KLVDSSURDFK
KDVWKHDGYDQWDJHRIDYRLGLQJSUHGHWHFWLRQVWDJHWKDWFDQEHSUHMXGLFLDOWRWKHTXDOLW\RIPRQLWRULQJ
5HIHUHQFHV
$UXODPSDODP06DQMHHY0DVNHOO6*RUGRQ1	&ODSS7$WXWRULDORQSDUWLFOHILOWHUVIRURQOLQHQRQOLQHDUQRQ
JDXVVLDQED\HVLDQWUDFNLQJ,(((7UDQVDFWLRQVRQ6LJQDO3URFHVVLQJ

&KHQ=%D\HVLDQILOWHULQJIURP.DOPDQILOWHUVWRSDUWLFOHILOWHUVDQGEH\RQG7HFKQLFDOUHSRUW&RPPXQLFDWLRQ5HVHDUFK
/DERUDWRU\0F0DVWHU8QLYHUVLW\+DPLOWRQ2QWDULR&DQDGD

'DKLD.1RXYHOOHVPpWKRGHVHQILOWUDJHSDUWLFXODLUH$SSOLFDWLRQDXUHFDODJHGHQDYLJDWLRQLQHUWLHOOHSDUPHVXUHV
DOWLPpWULTXHV3K'7KHVLV8QLYHUVLW\-RVHSK)RXULHU

'HO0RUDO35LJDO*	6DOXW*(VWLPDWLRQHWFRPPDQGHRSWLPDOHQRQOLQpDLUHXQFDGUHXQLILpSRXUODUpVROXWLRQ
SDUWLFXODLUH7HFKQLFDOUHSRUW/$$6&156

'RXFHW$GH)UHLWDV1	*RUGRQ16HTXHQWLDO0RQWH&DUOR0HWKRGVLQSUDFWLFH,QIRUPDWLRQ6FLHQFHDQG6WDWLVWLFV
YRO;,9SS

*RUGRQ16DOPRQG-'	6PLWK$)0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